A narrow electrochemical window, poor electronic conductivity and lithium ions transfer capability slow down the mass application of Li4Ti5O12 (LTO) as power batteries in passenger cars with a long range. An effective way to improve the capacity and energy density of LTO is to include it in a composite materials to provide a good ionic and electronic conductive network followed by excess discharge to about 0 V vs. Li + /Li. Mn-Fe based Prussian blue analogue (Mn-PBA) nanoparticles with special open framework structure anchor on the reduced graphene oxide (rGO) conferred a high electronic and ionic conductivity and similar charge/discharge voltage plateaus with LTO. As a result, the MnPBA@rGO/LTO composite takes full advantages of high capacity Mn-PBA and the high electronic conductivity rGO sheets. It delivered a high reversible capacity (301.7 mAh g −1 at 0.2 C) and superior rate performance (208.5 mAh g −1 at 30 C) in a broad electrochemical voltage range between 0.01 and 3 V in half cells. Furthermore, a capacity of 232.6 mAh g −1 at 1 C of Mn-PBA@rGO/LTO−10% was measured and good cycling performance was obtained in pouch cells with LiNi0.6Co0.2Mn0.2O2 (NCM622) as a cathode and Mn-PBA@rGO/LTO−10% as anode, indicating that the MnPBA@rGO/LTO−10% composite is a promising anode material for lithium-ion batteries (LIBs).
INTRODUCTION
The zero-strain spinel Li4Ti5O12 (LTO) has been used as a commercial anode material for Lithium-ion batteries (LIBs) because of its good structural stability [1, 2] , excellent high and low temperature performance, long cycling life and safety [3] . However, the low energy density due to the relatively high lithium insertion potential and low theoretical capacity of 175 mAh g −1 during the constant discharge/charge in the 1−3 V vs. Li + /Li voltage range cannot meet the increasingly critical requirements for commercial LIBs [4, 5] . Numerous strategies have been proposed to improve the capacity of LTO including surface modification [6, 7] , morphological changes [8, 9] , heterogeneous element doping [10, 11] , insertion in composite materials [12, 13] , and excess discharge near 0 V [14, 15] . Among all these, the fabrication of composites with other materials that have a high electronic and ionic conductivity could effectively improve the performance and reversible capacity of LTO anode. For example, N-doped LTO decorated on TiC/C nanowires with a large specific area and high mechanical stability showed an outstanding rate 143 mAh g −1 at 10 C [16] . A hybrid of three-dimensional hierarchical LTO-TiO2/MoO2 nanoclusters embedded into high conductivity carbon nanosheets achieved a high reversible specific capacity of 413 mAh g −1 at 1000 mA g −1 after 500 cycles [17] . Normally when LTO is placed at 1 V, only 60% Ti 4+ is reduced to Ti 3+ , giving a capacity of 175 mAh g −1 [18] . The reversible capacity of LTO can be greatly improved if Li7Ti5O12 is further oxidized from 1.55 V to 0 V [19] . However, Han found that LTO exhibited a rapidly fading specific capacity which was caused by reduced lithium-ion diffusion and charge transfer from the increased resistance and polarization when cycled down to 0 V at high rates (>10 C) [14] . Therefore, making LTO composites with other materials to provide good ionic and electronic conductive networking and extending the lithiation voltage to 0 V vs. Li + /Li is a promising way to increase the specific capacity and energy density of LTO anode [3] . In this work, a Mn-Fe based Prussian blue analogue@reduced graphene oxide (Mn-PBA@rGO) was physically mixed with LTO to constitute an anode material for LIBs. The three-dimensional (3-D) open framework structure of Mn-PBA with its high ionic conductivity combined to the high electrical conductivity of rGO can accelerate the diffusion of electrons and lithium ions in the MnPBA@rGO/LTO electrode. The improved reversible capacity, especially at a high charge/discharge rate, illustrated that the Mn-PBA@rGO/LTO composite is an excellent anode material for high power output LIBs.
EXPERIMENTAL

Material preparation
The Mn-PBA@rGO composite was synthesized according to our previously published procedure [20] . The Mn-PBA@rGO/LTO−10% anode was obtained by mixing Mn-PBA@rGO and LTO (XNT160, Sichuan XingNeng New Materials Co., Ltd., China) with a mass ratio of 10%. All reagents were used as purchased from the manufacturer without further treatment.
Material characterization
X-ray diffraction (XRD) (D8 ADVANCE A25X, Bruker, Germany) with a Cu Kα radiation was used to characterize the crystal structure of LTO and Mn-PBA@rGO/LTO−10% at the 2θ scale between 5 and 80°. The morphology of the samples was determined by scanning electron microscopy (SEM) (JSM-7500F, JEOL, Japan). The valences of each element were determined by X-ray photoelectron spectroscopy (XPS) (Escalab 250Xi, Thermo Fisher Scientific, UK).
Electrochemical measurements
The working electrode was composed of active material (80%), LA133 binder (10%, Chengdu Indigo Power Sources Co., Ltd., China), and Super P (10%, Imerys Graphite & Carbon, Switzerland). All constituents were coated on 15 The slurry was coated on aluminum foil and the typical mass loading of NCM622 was about 10.24 mg cm −2 , which was in high excess compared to the anode. Therefore, the specific capacity was calculated based on the mass of active component in the anode material. The cells were initially charged to 3.75 V at a constant charge (CC) of 0.1 C followed by charging at CC/constant voltage (CV) at a rate of 0.2 C at 4.3 V until the current gradually decreased to the cut-off current of 0.05 C. Subsequently, the cells were discharged to 1.5 V under CC of 0.2 C. For the next cycle, the CC/CV charging and CC discharging protocol was employed with voltages between of 1.5 and 4.3 V at a current rate of 1 C.
RESULTS AND DISCUSSION
The typical powder X-ray diffraction (XRD) patterns obtained are shown in Fig. 1a . The diffraction peaks at 2θ=18.33°, 30.18°, 35.57°, 37.21°, 43.24°, 47.37°, 57.21°, 62.83°, 66.07°, and 74.34° both in LTO and Mn-PBA@rGO/LTO-10% composite can be assigned to the (111), (220), (311), (222), (400), (331), (333), (440), (531), and (533) spinel LTO phase with a Fd-3m space group (PDF 49-0207) [21] [22] [23] . This indicates that the LTO in both samples has a high crystallinity [9] . A typical diffraction peak at 2θ=22.09° in the Mn-PBA@rGO/LTO composite shows a cubic structure with a Fm3m space group. The powder diffraction file (PDF 24−0618) of Mn-PBA in the composite material [24] [25] [26] is shown in Fig. 1a . The morphology and size of the samples prepared were determined by scanning electron microscopy (SEM). As shown in Fig. b , Mn-PBA is made up of abundant irregular cubic Mn-PBA nanoparticles. From Figs.1 c and 1d, the irregular pristine LTO particles had a mean diameter of 200 nm and obvious self-aggregation. Figs. 1e and 1f showed a change in morphology after the inclusion in the Mn-PBA@rGO composite. More specifically, the LTO particles in the composite were partially anchored on the surface of rGO sheets and Mn-PBA nanoparticles.
The surface chemical valence and electrons state of elements in Mn-PBA@rGO/LTO−10% composite were determined by XPS. The survey spectrum in Fig. 2a indicated that the main peaks located at 285.0, 530.4, 399.1, 458.4, 641.5, and 708.1 eV could be ascribed to C1s, O1s, N1s, Ti2p, Mn2p, and Fe2p, respectively. There were no other impurities. 2c can be fitted with three peaks located at 641.5, and 645.1 eV for Mn2p3/2, and 653.7 eV for Mn2p1/2, respectively. Fig. 2d shows the Ti2p spectrum, with one peak at 458.4 eV for Ti2p3/2 and one peak at 464.1 eV for Ti2p1/2 with an energy difference of 5.7 eV, indicating the presence of Ti 4+ in the spinel LTO particles [27] [28] [29] . Furthermore, the C1s spectrum in Fig. 2e is composed of three peaks at 284.0, 285.4, and 287.1 eV that can be assigned to C-C/C≡N, C-N/C-O and C=O groups, respectively. In Li + /Li, as shown in Fig. 3a . The well-defined peaks at 1.49 and 1.67 V can be attributed to the Ti 4+ /Ti 3+ redox couple reaction [30] , demonstrating a reversible phase transition from the spinel Li4Ti5O12 to rock salt phase Li7Ti5O12. During the first cathodic process, an additional peak at 1.36 V could be assigned to the reduction of high-valence Mn ions in the Mn-PBA@rGO/LTO−10% composite. In the following cycles, it merged with the peak at 1.46V, which may indicate a different phase transition of Mn-PBA in the first cycle. From the enlarged sections of the voltammograms, the peak at 0.8 V in LTO can be ascribed to the formation of solid electrolyte interface (SEI) films caused by the decomposition of electrolyte [31] . The peaks at 0.8 V and 0.53 V for Mn-PBA@rGO/LTO−10% also contained multiple reductions of Mn and Fe ions [20] . In the next cycles, both peaks moved to higher potentials, which is a typical characteristic for a transition metal anode in LIBs [32] [33] [34] . The peak at 0.61 V suggested an irreversible consumption of Li + on the surface of rGO layers [35] . The decreasing slope below 0.46 V was caused by the extra intercalation of lithium ions into Li7Ti5O12 to form Li9Ti5O12 [14] . The overlap between the oxidation peaks at 0.48, 1.09, 1.68, and 1.71 V after the first cycle showed that the electrochemical reaction in Mn-PBA@rGO/LTO−10% composite became relatively stable and had good reversibility. The electrochemical kinetics of LTO and Mn-PBA@rGO/LTO−10% were investigated by recording CV curves at different scan rates from 0.2 to 1.0 mV s −1 , as shown in Figs. 3b and 3c . The reduction (R1 and R2) and oxidation (O1 and O2) peaks were shifted to lower and higher potentials, respectively, when the increasing of scan rates increased. In Fig. 3d , the clear liner relationship between the peak current (Ip) and square root of scan rate (v 1/2 ) indicated a diffusion-controlled electrochemical reaction process. Consequently, the diffusion coefficient of lithium ions ( + ) can be calculated using the Randles-Sevcik equation [11, 36, This was attributed to the large polarization on the LTO electrode from the increased internal resistance during the excess discharge to near 0 V. This observation was highly consistent with a previous report [14] . Fig. 4b and 4c showed that the polarization of LTO was lower than for Mn-PBA@rGO/LTO−10% at low current rates of 0.2, 0.5, 1, 5, and 10 C. However, it increased when the current density was higher than 20 C. The low polarization of the Mn-PBA@rGO/LTO−10% electrode at high current rates originates from the improved ionic and electronic conductive network compared to bare LTO electrode [38] [39] [40] .
The first two galvanostatic discharge/charge curves of LTO and Mn-PBA@rGO/LTO−10% at 0.2 C are displayed in Fig. 4d . The first discharge and charge capacities of LTO electrode were high at 284.3 and 235.2 mAh g −1 , respectively, with an initial coulombic efficiency of 82.7%, due to the further intercalation of lithium ions into Li7Ti5O12 to form Li9Ti5O12 at low potential. Instead, for MnPBA@rGO/LTO−10%, the two voltage plateaus at 1.55 and 0.61 V indicated outstanding first discharge and charge capacities of 443.8 and 305.5 mAh g −1 , respectively. The more reversible specific capacity of PBA@rGO/LTO−10% composite occurred mainly in the voltage range from 0.5 to 1.5 V. The inferior initial coulombic efficiency of 68.8% resulted from parasitic reactions on the surface of Mn-PBA nanoparticles and can be seen in the difference in voltages of 1.6 and 2.4 V [41] [42] [43] . They originate from the formation of SEI films [44, 45] and the consumption of lithium ions at the electrochemically irreversible 48f sites in LTO [31] . Consequently, Mn-PBA@rGO/LTO−10% shows remarkable capacity loss during the first two cycles but no apparent capacity decrease at the voltage of 1.55 V, which corroborated the CV profiles in Fig. 3a . better cycling performance than pristine LTO electrode. This is due to the high theoretical capacity and enhanced lithium ion diffusion in Mn-PBA as well as the excellent electron transport ability in rGO. The coulombic efficiency of Mn-PBA@rGO/LTO−10% increased from 94.1% in the 2nd cycle to 99.3% in the 20th cycle, whereas it required 30 cycles for the pristine LTO electrode to reach 99.3%.
Subsequently, the coulombic efficiency of both samples stabilized at this value during the rest cycles, indicating good cycling stability of both the Mn-PBA@rGO/LTO−10% and the LTO electrodes. The long-term cycling performance of Mn-PBA@rGO/LTO−10% and LTO at high current rates of 5, 10, and 30 C for 400 cycles is shown in Fig. 4f . Mn-PBA@rGO/LTO−10% also had higher capacity retentions after 400 cycles of 112.3%, 104.5%, and 94.0% than pristine LTO (99.1%, 95.6%, and 71.7%) at 5, 10, and 30 C, respectively. This illustrates a better cyclability for Mn-PBA@rGO/LTO−10% than for LTO. Herein, the improved cycling performance of Mn-PBA@rGO/LTO−10% was attributed to the enhanced electron transport in rGO and lithium-ion diffusion in Mn-PBA that both from the composite. Compared to bare LTO, V-doped LTO and N−LTO@TiC/C composite material, the MnPBA@rGO/LTO composite anode material prepared herein possessed the best rate performance and cycling stability, as summarized in Table 1 . The specific capacity of Mn-PBA@rGO/LTO was as high as 360 mAh g −1 at 0.5 C after 150 cycles and 204 mAh g −1 at 30 C after 400 cycles in the broad voltage range from 0.01 to 3 V because of the low polarization in the Mn-PBA@rGO/LTO composite. The use of a composite material could effectively increase the specific capacity of an LTO anode during excess discharge. The outstanding electrochemical performance of Mn-PBA@rGO/LTO−10% composite anode was further tested in pouch cells using NCM622 as the cathode. The reversible specific capacity was calculated based on the mass of electroactive component in anode. respectively. The additional 60.2 mAh g −1 was attributed to the Mn-PBA@rGO component and was mainly present for voltages between 2.3 and 3.5 V. Apparently, the specific capacity of NCM622/LTO and NCM622/Mn-PBA@rGO/LTO−10% decreased rapidly during the first three cycles, due to the irreversible consumption of lithium ions in NCM622. Subsequently, the two pouch cells showed excellent stability with a reversible specific capacity of 184.7 and 232.6 mAh g −1 after 250 cycles, respectively, which corresponded to a coulombic efficiency of 100%. As shown in Figs. 5c and 5d, the UCAS logo consisting of 37 red LEDs (Power=1.8 V×20 mA×37=1.33 W) and 34 yellow LEDs (Power=2 V×20 mA×34=1.36 W) in parallel could be efficiently powered by the assembled pouch cells. The LEDs powered by NCM622/Mn-PBA@rGO/LTO−10% were visibly brighter than those powered by NCM622/LTO cell once completely charged to 4.3 V (Fig. 5c ). This was true even after a continuous discharge for 60 mins (Fig. 5d) , suggesting a bright future for the application of the MnPBA@rGO/LTO−10% composite as batteries.
CONCLUSIONS
In conclusion, extending lithiation potential to near 0 V and fabricating composites with materials with good electronic and ionic conductive networks was very effective way to improve the specific capacity of LTO electrode. Mn-PBA@rGO has an high ionic conductivity and excellent electrical conductivity and could alleviate the large polarization in LTO at high current rates in a broad voltage window from 0.01 to 3 V. Ultimately, the Mn-PBA@rGO/LTO composite electrode showed a high specific capacity, very stable cyclability, and superior rate performance both in half cell and in a full battery. Therefore, Mn-PBA@rGO/LTO composite is a promising anode material for LIBs with the advantages of high specific capacity, and long cycling life.
